All relevant data are within the paper.

Introduction {#sec001}
============

Lung carcinoma represents the leading cause of cancer mortality worldwide with dismal prognosis as the majority of patients are diagnosed in an advanced stage \[[@pone.0171539.ref001]\]. This disease can be divided into non-small cell lung carcinoma (NSCLC) (80--85%) and small cell carcinoma (15--20%). NSCLC is represented by three major histological subtypes such as adenocarcinoma (50%), squamous cell carcinoma (30%) and large cell carcinoma (5%). Despite advances in surgery, chemotherapy and irradiation the 5-year survival rate has only increased from 5% to 15% over the last 25 years \[[@pone.0171539.ref002]\]. Therefore the development of new therapeutic strategies in treatment of lung carcinoma is essential. DCs play a key role in inducing and shaping of immune responses and have proven to be crucial in inducing anti-tumor immunity \[[@pone.0171539.ref003], [@pone.0171539.ref004]\]. Since the first DC-based clinical trial in 1995 \[[@pone.0171539.ref005]\], the technique of *ex vivo* DC manufacturing have developed leading to a large-scale production which conforms to strict regulatory agencies and Good Manufacturing Practices (GMP) requirements. The success of DC-based cancer immunotherapy was documented by FDA approval of Sipuleucel-T (Provenge) for treatment of patients with asymptomatic or minimally symptomatic metastatic castration-resistant prostate cancer in 2010 \[[@pone.0171539.ref006]\]. Contrary to other malignancies, there are little data on DC-based immunotherapy of lung carcinoma in patients \[[@pone.0171539.ref003]\]. Several phase I studies for NSCLC treatment were conducted over the past 10 years using DC generated according to various protocols and loaded with TAA-derived peptides \[[@pone.0171539.ref007]--[@pone.0171539.ref010]\], proteins \[[@pone.0171539.ref011]\] or tumor cell lysate \[[@pone.0171539.ref012]--[@pone.0171539.ref014], [@pone.0171539.ref002]\]. Surprisingly, only one research group used irradiated and UVB-treated allogeneic whole tumor cells to generate DC-based lung cancer vaccine \[[@pone.0171539.ref015]--[@pone.0171539.ref018]\]. These studies proved that DC-based lung cancer immunotherapy is safe and well tolerated and in some patients clinical benefit was observed \[[@pone.0171539.ref012], [@pone.0171539.ref013], [@pone.0171539.ref008], [@pone.0171539.ref007], [@pone.0171539.ref019]\]. There are only two studies published so far that have documented prolonged overall survival of NSCLC patients \[[@pone.0171539.ref014], [@pone.0171539.ref010]\].

The success of DC-based cancer immunotherapy depends on the range of TAA presented by DC and the capacity of DC to produce cytokines such as IL-12p70 and provide costimulation to T cells \[[@pone.0171539.ref003]\]. Several cancer chemotherapeutics and cell death-inducing physical modalities have been described to induce immunogenic cell death (ICD) of tumor cells \[[@pone.0171539.ref020], [@pone.0171539.ref021]\]. Tumor cell ICD is characterized by induction of endoplasmic reticulum stress response, production of reactive oxygen species and surface exposure/emission of danger-associated molecules such as calreticulin, heat shock proteins, HMGB1 or ATP \[[@pone.0171539.ref022], [@pone.0171539.ref020], [@pone.0171539.ref023]\]. Tumor cells undergoing ICD activate various immune cells including DC to stimulate anti-tumor immune responses \[[@pone.0171539.ref020], [@pone.0171539.ref023]\]. We have previously shown that the application of high hydrostatic pressure (HHP) on human cancer cell lines and primary tumor cells induces ICD \[[@pone.0171539.ref024]\]. Human monocyte-derived DC pulsed with HHP-killed tumor cells displayed increased expression of maturation-associated molecules and pro-inflammatory cytokine production which resulted in stimulation of IFN-γ-producing CD8^+^ and CD4^+^ T cells *in vitro* \[[@pone.0171539.ref024]\]. Moreover, DC loaded with HHP-treated tumor TC-1 or prostate tumor cells TRAMP-C2 combined with docetaxel chemotherapy significantly inhibited growth of tumors in mouse models \[[@pone.0171539.ref025]\].

In this study, we describe the generation of human DC-based lung cancer vaccine in serum free GMP-compliant media X-VIVO 15 using HHP-killed lung cancer cell lines H520 and H522 as source of TAA and poly(I:C) as a DC maturation signal. DC-based HHP lung cancer vaccine exhibited functional plasticity after additional stimulation in serum containing medium with LPS or CD40L and was fully competent to stimulate CD8^+^ and CD4^+^ T cells. Moreover, DC-based HHP vaccine generated from NSCLC patients induced tumor antigen-specific CD4^+^ and CD8^+^ T cell responses *in vitro*. CD8^+^ and CD4^+^ T cells specific to selected tumor antigens expressed in H520 and H522 were detected in NSCLC cancer patients. Importantly, we showed here for the first time that DC process and present protein antigen from HHP-killed tumor cells to induce antigen-specific CD8^+^ T cells. These data represent preclinical data for ongoing phase I/II NSCLC clinical trial combining DC-based active cellular immunotherapy with chemotherapy and immune enhancers (NCT02470468).

Methods {#sec002}
=======

Non-small cancer cell lines {#sec003}
---------------------------

The non-small cell lung cancer cell lines H520 (squamous cell carcinoma), H522 and A549 (adenocarcinoma) were obtained from the American Type Culture Collection (Manassas, USA). H520 and H522 were cultivated at 37°C in a humidified atmosphere containing 5% CO~2~ in RPMI-1640 complete medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (PAA), 2 mM GlutaMAX I CTS (Gibco) and 100 U/ml penicillin + 100 mg/ml streptomycin (Gibco). A549 cells were grown in F12 medium (Gibco) supplemented as described above.

Preparation of HHP-killed cancer cells {#sec004}
--------------------------------------

2 × 10^6^ lung cancer cells were killed with high hydrostatic pressure (HHP) of 250 MPa for 10 minutes using a custom-made device (Resato International BV, Netherlands) located in the GMP manufacturing facility of Sotio, Prague, Czech Republic. After the HHP treatment cells were further incubated at 37°C for 2 h. Cells were collected by centrifugation (1500 rpm, 5 min), resuspended in 1 ml of CryoStor™ CS-10 (BioLife Solution) and stored at -80°C for 24h. HHP-killed cells were thawed and washed twice with serum free media X-VIVO 15 (supplemented with recombinant transferrin, Lonza) before addition to DC. The induction of cell death and the exposure of immunogenic molecules (HSP70, HSP90 and calreticulin) by HHP were determined by flow cytometry ([S1 Fig](#pone.0171539.s001){ref-type="supplementary-material"}).

Generation of DC-based HHP lung cancer vaccine {#sec005}
----------------------------------------------

Peripheral blood mononuclear cells (PBMC) were obtained from buffy coats of healthy donors by Ficoll-Paque gradient centrifugation (GE Healthcare). 75 × 10^6^ PBMCs/flask in 10 ml of serum free GMP-compliant media X-VIVO 15 (supplemented with transferrin, Lonza) were plated in 75 cm^2^ culture flasks (Nunc) at 37°C and monocytes were allowed to adhere to the flask bottom for 2 h. The non-adherent fraction containing lymphocytes was collected and stored short-term at -80°C. Monocyte-derived DC were generated in X-VIVO 15 for 4 days \[[@pone.0171539.ref026]\] in the presence of 500 IU/ml of GM-CSF and 20 ng/ml of IL-4 (both from Gentaur). To generate DC-based HHP lung cancer vaccine, 2 × 10^5^ immature DC/well seeded in 96-well plate (Nunc) were incubated with an equal mixture (1 H520:1 H522) of thawed HHP-killed lung cancer cell lines at a DC/tumor cells ratio of 5:1 for 4 h. After that poly(I:C) (25 μg/ml, VacciGrade^TM^ InvivoGen) was added for additional 20 h.

Phenotype and cytokine production of DC-based HHP lung cancer vaccine {#sec006}
---------------------------------------------------------------------

DC maturation after pulsation with HHP-killed cancer cells alone or after pulsation with HHP-killed cancer cells and poly(I:C) (DC-based HHP lung cancer vaccine) was evaluated by flow cytometry. DC phenotype was determined by staining with CD80-FITC, CD86-PE, CD83-PE-Cy5.5 (Beckman Coulter), CCR7 (CD197)-APC-eFluor780 (eBioscience), CD11c-APC (Exbio) and HLA-DR-PE-Cy7 (BD Biosciences) for 20 min. Cells viability was detected with DAPI staining. CD11c^+^DAPI negative DC were analyzed for mean fluorescence intensity (MFI) of the particular maturation marker. To determine cytokine production, cell supernatants were harvested 24 h after DC's stimulation and stored at -80°C. IL-12p70, IL-10, IFN-α and TNF-α were determined using Luminex assay (MILLIPLEX™ Human Cytokine/Chemokine Kit, Merck Millipore) by Luminex 2000 (Luminex).

Migration and phagocytic capacity of DC-based HHP lung cancer vaccine {#sec007}
---------------------------------------------------------------------

Migratory capacity of DC loaded with HHP-killed cancer cells alone or loaded with HHP-killed cancer cells and stimulated with poly(I:C) (DC-based HHP lung cancer vaccine) toward chemokines CCL19 and CCL21 was assessed 24 h after maturation using transwell assays (5.0 μm pore size; Costar, Corning). Lower chambers of the transwell plate were filled with 200 μl of RPMI 1640 containing 10% AB human serum with or without chemokines CCL19 (50 ng/ml) and CCL21 (50 ng/ml). 3 × 10^5^ DC in 70 μl of RPMI 1640 containing 10% AB human serum was seeded in the upper chamber of the transwell plate in duplicates. Cells were incubated at 37°C for 5 h. After that transmigrated DC in the lower chambers were harvested, stained with CD11c-APC antibody (Exbio) and counted using flow cytometry. For phagocytic assays, 1 × 10^6^ DC were stained with 2.5 μl/ml VybrantVR DiO cell labeling solution (Invitrogen) for 20 min at 37°C before pulsation with HHP-killed cancer cells. Similarly, 1 × 10^6^ thawed HHP-killed lung cancer cells were stained with 2.5 μl/ml VybrantVR DiD cell labeling solution (Invitrogen) in serum free media at 37°C for 20 min. Cells were washed twice, mixed at DC/tumor cell ratio of 1:5 and incubated for 4 h at 37°C before poly(I:C) was added to some samples for additional 20 h. Cells incubated at 4°C served as a negative control for phagocytosis. The phagocytic ability of DC was evaluated by flow cytometry as a percentage of double positive (DiO^+^DiD^+^) cells.

Stimulation of DC-based HHP lung cancer vaccine in human serum containing media {#sec008}
-------------------------------------------------------------------------------

2 × 10^5^/well of immature DC or DC pulsed with HHP-killed lung cancer cells and stimulated with poly(I:C) were left in serum-free medium X-VIVO 15, or placed into RPMI 1640 medium containing 10% human AB serum (Invitrogen), or stimulated with 1 μg/ml of LPS (*E*.*coli*, Sigma Aldrich) or placed onto a layer of CD40L-expressing A549 cells for additional 24 h. Stable CD40L-transfected A549 cells were generated by a single cell clone dilution from hygromycin resistant cells transfected with pCMV/hygro-CD40L vector (Sino Biological Inc.). Non-transfected A549 cells were used as a negative control of stimulation. DC maturation was assessed as described above by flow cytometry. IL-10 and IL-12p70 production was determined by ELISA (R&D System) according to manufacturer's instructions.

Generation of DC-based HHP lung cancer vaccine from PBMC of NSCLC patients {#sec009}
--------------------------------------------------------------------------

Two tubes of peripheral blood (VACUETTE® 9 ml K3 EDTA) were obtained from 6 of NSCLC patients undergoing neoadjuvant surgery in University Hospital Motol, Prague after signing an informed consent. Informed consent was obtained after the nature and possible consequences of the studies had been fully explained. The experiments were performed with an agreement of local ethical committee (University Hospital Motol, Prague, Czech Republic). PBMC were isolated by Ficoll-Pague gradient centrifugation. One half of isolated PBMC was stored at -80°C for T cell restimulation. Monocytes from the remaining PBMC were separated using CD14^+^ isolation kit (EasySep™, Human CD14 Positive Selection Kit) according to manufacturer's instructions. 2.5 × 10^6^/well CD14^+^ cells were seeded into the 6-well plate (Nunclon) in 4 ml of X-VIVO 15 medium supplemented with GM-CSF and IL-4 as described above. On day 4, DC were pulsed with an equal mixture (1:1) of thawed HHP-killed H520 and H522 cell lines for 4 h before poly(I:C) was added for additional 20 h.

Induction of tumor-antigen specific T cells and CD4^+^CD25^+^Foxp3^+^ T regulatory cells {#sec010}
----------------------------------------------------------------------------------------

2 × 10^5^/well of immature DC, poly(I:C)-treated DC, DC pulsed with HHP-killed cancer cells alone or DC pulsed with HHP-killed cancer cells and stimulated with poly(I:C) were mixed with thawed autologous lymphocytes obtained from PBMC of healthy donors and NSCLC patients at a ratio of 1 DC: 5 T cells in 96-round well plate. Cells were cultivated in RPMI-1640 medium containing 10% AB human serum (Invitrogen), 2 mM GlutaMAX I CTS (Gibco), 100 U/ml penicillin, 100 mg/ml streptomycin (Gibco), 1% non-essential amino acids (Gibco), 1 mM natrium pyruvate (Gibco) and 50 μM β-mercaptoethanol (Gibco) for 7 days. A 20 U/ml of IL-2 (PeproTech) was added on days 3 and 5 of cultivation. Poly(I:C) stimulated DC loaded with a mixture of MHC class I-restricted overlapping antigenic peptides to CMV, EBV and influenza (CEF; 2 μg/ml JPT Peptide Technologies) was used as a positive control of CD8^+^ T cell stimulation. On day 7, T lymphocytes were restimulated with freshly prepared sample-corresponding DC at the same ratio for 1 h before addition of Brefeldin A (BioLegend, 1000x). After 3 h the frequency of IFN-γ-producing and proliferating (Ki-67^+^) CD8^+^ and CD4^+^ T cells was determined using flow cytometry. Briefly, T cell were stained with CD3-Alexa 700 (Exbio), CD4-PE-Cy7 (eBioscience) and CD8-PE-Dy590 antibodies (Exbio) for 30 min. Cells were then fixed using Fixation Buffer (eBioscience), permeabilized with Permeabilization Buffer (eBioscience) and stained intracellularly with IFN-γ-FITC (BD Biosciences) and Ki67-PE (Biolegend) antibodies for 30 min. In experiments analyzing NSCLC patient's T cell responses cells were stained extracellularly with CD3-PerCP-Cy5.5 (eBioscience), CD4-PE-Cy7 (eBioscience) and CD8-PE-Dy590 antibodies (Exbio), and intracellularly with IFN-γ-FITC (BD Biosciences) and Ki-67-Alexa 700 (BD Biosciences) antibodies. The percentage of CD4^+^CD25^+^FoxP3^+^ T regulatory cells was determined without restimulation with fresh DC by flow cytometry at day 7. T cells were stained with CD4-PE-Cy7 (eBioscience), CD8-PE-Dy590 antibodies (Exbio) and CD25-PerCP-Cy5.5 (BioLegend) for 30 min. Cells were then fixed and permeabilized as described above and stained intracellularly with Foxp3-Alexa Fluor 488 (eBiosciences) for 30 min.

Generation of matrix protein 1-expressing A549 cells and detection of MP1~58-66~--specific CD8^+^ T cells {#sec011}
---------------------------------------------------------------------------------------------------------

Shorter version of M1 gene (M1v1--699 bp) was obtained by PCR from a plasmid pCMV-H7N9-AH-13-M1 (Sino Biologicals Inc.) bearing a coding sequence (756 bp) for full-length matrix protein 1 (MP1) from H7N9 virus. M1v1 sequence was inserted into pcDNA-YFP plasmid (Invitrogen) to obtain pcDNA3-M1v1-YFP. A549 cells grown to 70% confluence in 24-well plate were transfected with 1 μg pcDNA3-M1v1-YFP (linearized by FspI restriction endonuclease) using Lipofectamin RNAiMAX (Thermo Fisher scientific) in 0.5 ml serum free F12 medium and incubated overnight at 37°C. Then the cell medium was replaced by serum containing F12 medium supplemented with 300 μg/ml of hygromycin B (Sigma-Aldrich). After 7 days the YFP fluorescence of transfected cells was detected by flow cytometry. Positive cells were diluted 1--3 cells/well into 96-well plate and cultivated under hygromycin B selection for 3 weeks. Autologous T cells were stimulated by HLA-A\*201^+^ immature DC, poly(I:C)-treated DC or DC-based HHP lung cancer vaccine generated with thawed HHP-killed MP1-expressing A549 and poly(I:C) as described above. DC incubated with poly(I:C) and MP1~58-66~ (GILGFVFTL) (10 μg/ml; MBL International) were used as a positive control for CD8^+^ T cell stimulation. After 8 days, MP1~58-66~ specific CD8^+^ T cells were stained with MP1~58-66~-HLA-A\*201 Tetramer-PE (2 μl/sample; MBL International) for 30 min together with CD3-PerCP-Cy5.5 (eBioscience), CD4-PE-Cy7 (eBioscience) and CD8-Alexa Fluor 700 (Exbio) antibodies and analyzed by flow cytometry.

Detection of tumor antigen-specific T cells in NSCLC patients {#sec012}
-------------------------------------------------------------

PBMC were isolated and cryopreserved in liquid nitrogen from 36 NSCLC patients undergoing neoadjuvant surgery in University Hospital Motol, Prague in 2014--2016 after signing an informed consent. The experiments were performed with an agreement of local ethical committee (University Hospital Motol, Prague, Czech Republic). PBMC were thawed and seeded at 2 x 10^5^/well in 100 ul medium containing AB serum as described above and incubated overnight at 37°C. Then tumor antigen specific pepmixes containing 33--128 peptides from MAGE-A3, MAGE-A4, hTERT, Survivin and Mucin-1 proteins (JPT Peptide Technologies) were added according to manufacturer's recommendation at concentration of 10 ug/ml and incubated for 9 days. A mixture of mainly MHC class I-restricted overlapping antigenic peptides to CMV, EBV and influenza \[CEF\] (PM-CEF-E; 2 μg/ml JPT Peptide Technologies) and mainly MHC class II-restricted peptides to influenza virus Hemagglutinin \[HA\] (PM-INFA-HA/Cal; 10 μg/ml JPT Peptide Technologies) were used as positive controls of CD8^+^ T cell and CD4^+^ T cell stimulation, respectively. 20 U/ml of IL-2 (PeproTech) was added on days 4 and 7 of cultivation. Cells were restimulated with the peptides on day 9 for 2h. Then Brefeldin A (BioLegend, 1000x) was added and cells were incubated overnight. The production of IFN-γ from CD8^+^ and CD4^+^ T cells was detected by flow cytometry as described above using CD3-AlexaFluor700, IFN-γ-PE-Cy7, CD4-PerCP-Cy5.5, CD8a-eFluor450 (BioLegend) antibodies. The viability of IFN-γ-producing T cells was stained with LIVE/DEAD Fixable Aqua Dead Stain kit (405 nm excitation) (Invitrogen). The percentage of negative control (no antigen added to PBMCs) was deducted from the samples stimulated with an antigenic peptide mixture.

qPCR analysis of antigen expression {#sec013}
-----------------------------------

Total RNA was isolated from cell lysates using RNeasy mini kit (Qiagene) in accordance with the manufacturer's protocol including DNA digestion step. The RNA purity and concentration was determined spectrophotometrically using a Nanodrop 2000c (Fisher Thermo scientific). Reverse transcription was performed from 1 μg of total RNA using an iScript cDNA synthesis kit (BioRad) using probes specific to MAGE-A3, MAGE-A4, hTERT, Survivin and Mucin-1 designed, synthetized and approved by TIB MOLBIOL Syntheselabor GmBh, Germany. Expression of genes was determined by qPCR on CFX96 Touch™ Real-Time PCR Detection System (BioRad) in duplicate. The each 10 μl reaction contained 5 μl of KAPA PROBE FAST qPCR Master Mix (Kapa Biosystems), 0.5 μM of each forward and reverse primers (TIB Molbiol), 0.2 μM of TaqMan probe (TIB Molbiol), 1.5 μl of DNase-free water and 2 μl of 10x diluted cDNA. The reaction thermal protocol was following: 3 minutes at 95°C followed by 45 cycles of amplification (95°C for 15 s, 60°C for 60 s). The formation of PCR products of the expected lengths was confirmed by agarose gel electrophoresis. The Cq values were determined using CFX Manager software (BioRad) and the relative expressions of the studied genes were calculated with GenEx software (MultiD Analyses) with cut off at 36 cycle. The cut off for positive expression was set to relative expression value greater than the mean plus 2 SDs of the control non-tumoral tissue.

Statistical analysis {#sec014}
--------------------

Two-tailed paired t-test or unpaired, nonparametric Mann-Whitney test were applied for data analysis using GraphPad PRISM 6 (San Diego, California, USA). The results were considered statistically significant if \* p \< 0.05, \*\* p \< 0.01 or \*\*\* p \< 0.001.

Results {#sec015}
=======

DC-based HHP lung cancer vaccine displays mature phenotype, produces pro-inflammatory cytokines and increases chemotactic migration {#sec016}
-----------------------------------------------------------------------------------------------------------------------------------

To generate DC-based HHP lung cancer vaccine, DC were pulsed with a mixture of thawed HHP-killed H520 and H522 lung cancer cells for 4h and subsequently stimulated with poly(I:C). The phenotype of DC-based HHP lung cancer vaccine, its phagocytic capacity and chemotactic migration was assessed by flow cytometry after additional 20 h and was compared to immature DC, DC pulsed with HHP-killed cells alone or DC stimulated with poly(I:C) alone. Similarly, the production of pro-inflammatory cytokines was measured from cell culture supernatants by Luminex assay. As shown in [Fig 1A](#pone.0171539.g001){ref-type="fig"}, DC-based HHP lung cancer vaccine \[HHP+poly(I:C)\] displays significantly higher expression of CD80, CD83, HLA-DR and CD86 than control immature DC \[iDC\], DC pulsed with HHP-killed cells alone \[HHP\] or DC stimulated only with poly(I:C) \[poly(I:C)\]. [Fig 1B](#pone.0171539.g001){ref-type="fig"} shows that 80% of DC phagocytosed thawed HHP-killed lung cancer cells at 37°C after 24 h when compared to control DC incubated with HHP-killed cancer cells at 4°C. The addition of poly(I:C), however, decreased the phagocytic capacity of DC by 10% ([Fig 1B](#pone.0171539.g001){ref-type="fig"}). The slightly decreased phagocytosis of HHP-killed lung cancer cells by DC after addition of poly(I:C) did not affect the capacity of DC to produce pro-inflammatory cytokines such as IL-12p70, IFN-α and TNF-α ([Fig 1C](#pone.0171539.g001){ref-type="fig"}) or stimulate chemotactic migration ([Fig 1D](#pone.0171539.g001){ref-type="fig"}) and increase in CCR7 expression ([Fig 1E](#pone.0171539.g001){ref-type="fig"}). The production of IL-10 by DC-based HHP lung cancer vaccine was low and even significantly decreased when compared to IL-10 levels produced by DC treated with poly(I:C) only ([Fig 1C](#pone.0171539.g001){ref-type="fig"}). The immunogenicity of HHP-killed cells towards the DCs was confirmed \[[@pone.0171539.ref024]\] as DC pulsed with HHP-killed cells alone significantly enhanced DC maturation, CCR7 expression and the production of pro-inflammatory cytokines ([Fig 1A, 1C and 1D](#pone.0171539.g001){ref-type="fig"}).

![DC-based HHP lung cancer vaccine displays mature phenotype, produces pro-inflammatory cytokines and increases chemotactic migration.\
2 × 10^5^ monocyte-derived DC generated in serum-free media X-VIVO 15 were left untreated \[iDC\] pulsed with thawed 4 × 10^4^ HHP-killed lung cancer cells \[HHP\], pulsed with HHP-killed cells and poly(I:C) \[HHP+poly(I:C)\] or stimulated with poly(I:C) only \[poly(I:C)\] for 24h. (A) The expression of CD80, CD86, CD83, HLA-DR and (E) CCR7 on CD11c^+^DAPI negative cells was assessed by flow cytometry. The values represent means ± SEM of 16 donors. Histograms are representative of 16 donors. (B) For phagocytic assays thawed HHP-killed H520 and H522 cells were stained with VybrantVR DiD and DC were stained with VybrantVR DiO at 37°C for 20 min before vaccine generation. The phagocytic capacity of DC was assessed as a percentage of DiO^+^DiD^+^ cells by flow cytometry after 24h. Graphs represent means ± SEM of n = 3 in duplicates. (C) Cytokine production was evaluated in cell culture supernatants after 24h by Luminex assay. Graphs represent means ± SEM of n = 5. (D) 3 × 10^5^ DC treated as described above were transferred to serum-containing media in upper chamber of transwell plate and were allowed to migrate to the lower chamber filled with media or media containing a mixture of CCL19 and CCL21 (both 50 ng/ml) at 37°C for 5h. The number of transmigrated CD11c^+^ DC was determined by flow cytometry. The graph shows mean ± SEM of 16 donors of n = 4. The results were considered statistically significant if \* p \< 0.05, \*\* p \< 0.01 or \*\*\* p \< 0.001.](pone.0171539.g001){#pone.0171539.g001}

In summary, these results showed that DC-based HHP lung cancer vaccine generated in serum-free media might be fully competent to stimulate T cell responses as shown by the efficient phagocytosis of HHP-killed lung cancer cells, an increased maturation and pro-inflammatory cytokine production and chemotactic migration.

DC-based HHP lung cancer vaccine further increases its maturation and cytokine production in serum containing medium after additional LPS and CD40L stimulation {#sec017}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

To assess further the plasticity and activity of DC-based HHP lung cancer vaccine in serum containing conditions and after additional stimulation, iDC and DC pulsed with HHP-killed cells and poly(I:C) for 24 h \[24h\] were transferred into RPMI 1640 containing 10% human AB serum for next 24 h \[48h\]. Cells were left untreated or treated with LPS or plated onto a layer of CD40L-transfected A459 cells. The expression of CD80, CD83, HLA-DR and CD86 was determined by flow cytometry. The production of IL-10 and IL-12p70 was assessed by ELISA. As shown in [Fig 2A](#pone.0171539.g002){ref-type="fig"}, the transfer of DC-based HHP lung cancer vaccine into serum containing conditions led to an increased expression of CD80 and CD83 within next 24 h compared to DC-based HHP lung cancer vaccine left in serum-free medium. LPS further enhanced the expression of CD80 and CD86 over the serum level. iDC incubated in serum free medium without HHP-killed tumor cell pulsation and poly(I:C) stimulation showed higher functional plasticity as all the maturation markers CD80, CD83, HLA-DR and CD86 increased after the transfer into serum-containing medium and were further significantly up-regulated over this level by LPS. However, the transfer of iDC or DC-based HHP lung cancer vaccine into serum containing medium did not induce IL-12p70 or IL-10 production. LPS, on the other hand, stimulated a significant production of both cytokines in the samples ([Fig 2A](#pone.0171539.g002){ref-type="fig"}).

![DC-based HHP lung cancer vaccine further increases its maturation and cytokine production in serum containing medium after additional LPS and CD40L stimulation.\
2 × 10^5^ monocyte-derived DC generated in serum-free media X-VIVO 15 were left untreated \[iDC\] pulsed with thawed 4 × 10^4^ HHP-killed lung cancer cells and poly(I:C) \[HHP+poly(I:C)\] or stimulated with poly(I:C) only \[poly(I:C)\] for 24h \[24h\]. Serum-free medium was subsequently replaced with medium containing 10% human AB serum alone or supplemented with LPS (1 μg/ml) (A) or cells were loaded onto a layer of CD40L-expressiong A549 (B) for additional 24h \[48h\]. Non-transfected A549 cells were used as a negative control of CD40L stimulation (B). The difference in CD80, CD86, CD83 and HLA-DR expression between 24h and 48h samples was determined by flow cytometry. Similarly, the difference in IL-12p70 and IL-10 production was assessed by ELISA. Graphs show mean ± SEM of 8--18 donors of n = 5. The results were considered statistically significant if \* p \< 0.05, \*\* p \< 0.01 or \*\*\* p \< 0.001.](pone.0171539.g002){#pone.0171539.g002}

Similar effect to LPS on DC maturation was observed after stimulation with CD40L-expressing A549 cells ([Fig 2B](#pone.0171539.g002){ref-type="fig"}). DC-based HHP lung cancer vaccine exhibited higher expression of CD80 and CD83 when stimulated with CD40L-expressing A549 in comparison to DC-based HHP lung cancer vaccine incubated with non-transfected A549. CD40L stimulation induced the expression of all markers CD80, CD83, HLA-DR and CD86 in iDC in contrast to stimulation with non-transfected A549 exhibiting again higher maturational plasticity than DC pulsed with HHP-killed tumor cells and poly(I:C).However, only DC pulsed with HHP-killed tumor cells and poly(I:C) were able to increase IL-12p70 production after CD40L stimulation ([Fig 2B](#pone.0171539.g002){ref-type="fig"}). In contrast to LPS, CD40L did not induce any IL-10 production in the samples. In conclusion, DC-based HHP lung cancer vaccine exhibits a capacity to be further stimulated and enhance its stimulatory potential.

DC-based HHP lung cancer vaccine stimulates CD8^+^ and CD4^+^ T cells and decreases the number of CD4^+^CD25^+^Foxp3^+^T regulatory cells {#sec018}
-----------------------------------------------------------------------------------------------------------------------------------------

We further examine if DC-based HHP lung cancer vaccine induces proliferation and IFN-γ-production in CD8^+^ and CD4^+^ T cells. After 24h iDC, DC pulsed with HHP-killed tumor cells alone, DC pulsed with HHP-killed tumor cells and poly(I:C) or DC stimulated with poly(I:C) only were co-cultured with autologous T lymphocytes at ratio 1:5 for 7 days. T cell proliferation (Ki-67) and IFN-γ production was measured by flow cytometry after restimulation with corresponding freshly prepared DC. As shown in graphs in [Fig 3A](#pone.0171539.g003){ref-type="fig"}, DC-based HHP lung cancer vaccine stimulated significantly higher number of IFN-γ-producing CD8^+^ and CD4^+^ T cells in comparison to iDC or DC pulsed with HHP-killed tumor cells alone. However, IFN-γ-producing CD8^+^ and CD4^+^ T cells were also significantly stimulated by DC treated only with poly(I:C) similarly to DC-based HHP lung cancer vaccine. High percentage of IFN-γ producing CD8^+^ T cells was detected after stimulation with poly(I:C)-stimulated DC loaded with a mixture of antigenic peptides to CMV, EBV and influenza \[CEF+poly(I:C)\] which was used as a positive control ([Fig 3A](#pone.0171539.g003){ref-type="fig"}). Whereas no differences were observed in the induction of IFN-γ-production in T cells between DC-based lung cancer vaccine and DC-treated only with poly(I:C), we observed a significant differences in T cell proliferation. DC pulsed with HHP-killed cells alone induced high CD8^+^ and CD4^+^ T cell proliferation ([Fig 3B](#pone.0171539.g003){ref-type="fig"}).Which was not further enhanced by addition of poly(I:C). DC treated with poly(I:C) alone stimulated similar proliferation of CD8^+^ T cells, however failed to induce the proliferation of CD4^+^ T cells. These results indicate that DC-based HHP lung cancer vaccine stimulates T cells, and might be specifically efficient in inducing CD4^+^ T cell proliferation. Next we addressed the number of CD4^+^CD25^+^Foxp3^+^ T regulatory cells induced by DC-based HHP lung cancer vaccine after 7 days. [Fig 3C](#pone.0171539.g003){ref-type="fig"} shows that there was a significantly lower number of CD4^+^CD25^+^Foxp3^+^ T regulatory cells induced by DC-based HHP lung cancer vaccine when compared to iDC and DC pulsed with HHP-killed tumor cells alone. Poly(I:C) stimulation alone decreased the number of CD4^+^CD25^+^Foxp3^+^ T regulatory cells, however the number of CD4^+^CD25^+^Foxp3^+^ T regulatory cell was still slightly higher than the number of T regulatory cells induced by the DC-based lung cancer vaccine ([Fig 3C](#pone.0171539.g003){ref-type="fig"}).

![DC-based HHP lung cancer vaccine stimulates CD8^+^ and CD4^+^ T cells and decreases the number of CD4^+^CD25^+^Foxp3^+^T regulatory cells.\
4 × 10^4^ iDC, DC pulsed with thawed HHP-killed lung cancer cells and poly(I:C) \[HHP+poly(I:C)\], or stimulated with poly(I:C) alone \[poly(I:C)\] for 24h were subsequently added to 2 ×10^5^ autologous T cells from healthy donors and subsequently co-cultured for 7 days. (A) IFN-γ-producing CD8^+^ and CD4^+^ T cells were assessed by flow cytometry after one round of restimulation with freshly prepared DC. CD8^+^ T cells shown in dotplots are gated from CD3^+^ cells, and predominantly CD4^+^ T cells are displayed as CD8 negative cells. The percentage in graphs is displayed as a percentage of IFN-γ-producing cells from CD8^+^ or CD4^+^ T cells, respectively, therefore it does not correspond to percentages in dotplots. (B) T cell proliferation (Ki-67) and (C) the number of CD4^+^CD25^+^FoxP3^+^T regulatory cells was determined without restimulation by flow cytometry. Dotplots are representative of 8 donors. Graphs represent means ± SEM of 8 donors from n = 3. The results were considered statistically significant if \* p \< 0.05, \*\* p \< 0.01 or \*\*\* p \< 0.001.](pone.0171539.g003){#pone.0171539.g003}

DC-based HHP lung cancer vaccine generated from NSCLC patients' monocytes induces tumor-antigen specific CD8^+^ and CD4^+^ T cells {#sec019}
----------------------------------------------------------------------------------------------------------------------------------

Our results indicate that DC-based HHP lung cancer vaccine stimulates T cells. However, given no differences between DC-based HHP lung cancer vaccine and DC stimulated with poly(I:C) alone, it is not clear if induced T cells recognize antigens which come from the HHP-killed lung cancer cells. To test this, we generated a model antigenic system encompassing A549 cell line expressing a short version of matrix protein 1 (MP1) of influenza virus. Autologous T cells were stimulated with HLA-A\*201^+^ iDC, DC stimulated with poly(I:C) alone or DC loaded with thawed HHP-killed A549 expressing MP1 and poly(I:C) for 8 days ([Fig 4A](#pone.0171539.g004){ref-type="fig"}). The number of MP1~58-66~-specific CD8^+^ T cells was detected with MP1~58-66~-HLA-A\*201 Tetramer staining by flow cytometry. As shown in [Fig 4A](#pone.0171539.g004){ref-type="fig"} DC-based HHP lung cancer vaccine stimulated the expansion of MP1~58-66~-specific CD8^+^ T cells over iDC or DC treated with poly(I:C) alone which proves that protein antigens from HHP-killed lung cancer cells are processed and presented by DC to T cells. Next we validated our results on DC-based HHP lung cancer vaccine generated from several NSCLC patients. DCs were generated in serum-free media from CD14^+^ isolated monocytes. Autologous T lymphocytes were stimulated and restimulated with fresh patient's DC as described above. As shown in [Fig 4B](#pone.0171539.g004){ref-type="fig"}, DC-based HHP lung cancer vaccine generated from PBMCs of NSCLC patients stimulated significantly higher amount of IFN-γ-producing CD8^+^ and CD4^+^ T cells than DC stimulated with poly(I:C) alone or iDC. Similarly, higher proliferation of CD8^+^ and CD4^+^ T cells was detected after DC-based HHP lung cancer vaccine stimulation ([Fig 4C](#pone.0171539.g004){ref-type="fig"}). These results showed that DC-based HHP lung cancer vaccine stimulates tumor-antigen specific IFN-γ-producing T cells present in NSCLC patient's blood *in vitro*. To show that tumor-specific CD8^+^ and CD4^+^ T cell responses to tumor antigens expressed specifically in H522 and H520 lung cancer cell lines are present in NSCLC patients we analyzed the expression of MAGE-A3, MAGE-A4, hTERT, Survivin and Mucin-1, well-characterized antigens found in lung cancer tumors \[[@pone.0171539.ref027]--[@pone.0171539.ref029]\] by qPCR. Various degree of expression of all antigens, except of MAGE-A3 in H522, was detected in both cell lines ([Fig 4D](#pone.0171539.g004){ref-type="fig"}). The presence of CD8^+^ and CD4^+^ T cell responses specific to these antigens was analyzed by stimulation of PBMCs from 36 NSCLC patients with corresponding mixture of antigenic peptides. One representative donor responsive to MAGE-A4 pepmixes stimulation is shown in [Fig 4E](#pone.0171539.g004){ref-type="fig"}. In 36 NSCLC patients we detected IFN-γ-producing CD8^+^ and CD4^+^ T cells responsive to the all tested antigens ([Fig 4F](#pone.0171539.g004){ref-type="fig"}) which support our findings that our DC-based HHP lung cancer vaccine is fully competent to induce anti-tumor T cell responses in NSCLC patients.

![DC-based HHP lung cancer vaccine generated from NSCLC patients' monocytes induces tumor-antigen specific CD8^+^ and CD4^+^ T cells.\
4 × 10^4^ iDC, DC pulsed with thawed HHP-killed lung cancer cells or MP1-expressing A549 and poly(I:C) \[HHP+poly(I:C)\] or stimulated with poly(I:C) alone \[poly(I:C)\] for 24h were subsequently added to 2 × 10^5^ autologous T cells from NSCLC patients and subsequently co-cultured for 7 days. (A) The MP1~58-66~-specific CD8^+^ T cells were detected without restimulation with MP1~58-66~-HLA-A\*201 Tetramer staining by flow cytometry. Dotplots are representative of 4 donors. Graphs represent means ± SEM of 4 donors from n = 2. (B) IFN-γ-producing CD8^+^ and CD4^+^ T cells were assessed by flow cytometry after one round of restimulation with freshly prepared NSCLC patient' DC. The percentage in graphs is displayed as a percentage of IFN-γ-producing cells from CD8^+^ or CD4^+^ T cells, respectively, therefore it does not correspond to percentages in dotplots. (C) T cell proliferation (Ki-67) was determined without restimulation by flow cytometry. Dotplots are representative of 6 patients. Graphs show means of ± SEM of 6 donors in duplicates. The results were considered statistically significant if \* p \< 0.05, \*\* p \< 0.01 or \*\*\* p \< 0.001. (D) qPCR analyses of Mucin-1, hTERT, Survivin, MAGE-A3 and MAGE-A4 expression in H520 and H522 cell lines (n = 3, in duplicates) (E) Gating strategy to detect tumor antigen specific IFN-γ producing T cells in NSCLC patients. One representative patient sample for MAGE-A4-specific T cells is shown. (F) Quantitative evaluation of tumor antigen specific IFN-γ producing T cells in 36 NLCLC patients. The percentage of negative control (no antigen) was deducted from the samples stimulated with antigenic pepmixes.](pone.0171539.g004){#pone.0171539.g004}

Discussion {#sec020}
==========

DC-based active cellular immunotherapy represents a large field of immunotherapeutic approaches to cancer treatment; however its use is quite limited in immunotherapy of lung carcinoma. In our study we showed that DC-based lung cancer vaccine generated in GMP-complaint serum free media with HHP-killed lung cancer cell lines and poly(I:C) exhibits functional plasticity and activity to stimulate tumor antigen-specific IFN-γ-producing CD8^+^ and CD4^+^ T cells from NSCLC patients.

HHP-killed lung cancer cell lines used for the vaccine generation in this study consisted of allogeneic commercially available adenocarcinoma (H522) and squamous cell carcinoma (H520) cell lines. These cell lines cover 80% of NSCLC histological subtypes and are used as a source of broad range of tumor-associated antigens (TAA) which were shown to be differentially expressed in NSCLC patients \[[@pone.0171539.ref027], [@pone.0171539.ref030], [@pone.0171539.ref028]\]. Although DC-based vaccines pulsed with TAA-derived peptides have been shown to induce immune response in NSCLC patients \[[@pone.0171539.ref009], [@pone.0171539.ref008], [@pone.0171539.ref007], [@pone.0171539.ref010]\], broader TAA availability provided by HHP-killed cell lines might induce immune responses in higher number of patients. The other advantage of allogeneic cell lines is the possibility to cultivate them in high numbers in contrast to autologous tumor material which might be difficult to obtain in sufficient amount due to a frequent inoperability of late stages of the disease in NSCLC patients. Interestingly, only one research group have so far used irradiated and UBV-killed allogeneic adenocarcinoma cell line 1650 for DC-based vaccine generation in phase I clinical trials \[[@pone.0171539.ref016], [@pone.0171539.ref015], [@pone.0171539.ref018], [@pone.0171539.ref017]\]. The immune responses were observed in 6 out 11 of immunized patients as detected by IFN-γ ELISPOT assay \[[@pone.0171539.ref018]\]. This shows that killed allogeneic cell lines are safe and suitable for DC-based active lung cancer immunotherapy.

In this study, we showed that HHP treatment generates immunogenic cancer cells, similarly to our previously published data \[[@pone.0171539.ref024]\]. Phagocytosis of HHP-killed tumor cells by DC stimulated the expression of maturation-associated molecules on DCs and induced production pro-inflammatory cytokines. However, our observed effects on DCs maturation and cytokine production were lower than previously published \[[@pone.0171539.ref024]\]. This can be explained by DC cultivation in serum free media in our study in contrast to serum-containing media, which represents optimal cultivation conditions for the DC, in the previous study \[[@pone.0171539.ref024]\]. Poly(I:C)-matured DC exhibit the best T cell stimulatory capacity *in vitro* \[[@pone.0171539.ref031]\]. In our study, DC pulsed with HHP-killed lung cancer cells and poly(I:C) expressed even higher levels of maturation-associated molecules than DC stimulated with poly(I:C) only which suggests a synergistic stimulatory effect of phagocytosed immunogenic HHP-killed cells and poly(I:C). The slight decrease in phagocytic capacity of DC after addition of poly(I:C) could be explained by the induction of DC maturation which is accompanied by the reduction in antigen uptake as DC concomitantly increase their antigen processing and presentation capacity \[[@pone.0171539.ref004], [@pone.0171539.ref032]\]. The increased chemotactic migration and pro-inflammatory cytokine production was, on the other hand, comparable between poly(I:C)-stimulated DC and DC-based HHP lung cancer vaccine. This suggests that immunogenicity of HHP-killed cells did not contribute to cytokine production or chemotactic migration induced by poly(I:C). Low IL-10 production and high IL-12p70, TNF-α and IFN-α confirm Th1 polarizing properties of DC induced by poly(I:C).

We also showed that DC-based HHP lung cancer vaccine exhibited functional plasticity after transfer into serum containing conditions which would simulate the transfer of the vaccine into NSCLC patients. DC-based HHP lung cancer vaccine was not functionally exhausted by the first maturation stimuli with poly(I:C) as DC enhanced the expression of maturation associated molecules CD80 and CD83 and IL-12p70 production in response to LPS and CD40L \[[@pone.0171539.ref004], [@pone.0171539.ref033], [@pone.0171539.ref034]\]. LPS represent a strong maturation signal which is not likely to occur in NSCLC patients unless there is a bacterial infection. On the other hand, CD40L stimulation represent a physiological signaling which DC-based HHP lung cancer vaccine is likely to encounter on the surface of other immune cells such as B and T cells after administration into NSCLC patients. CD40-CD40L ligation provides necessary costimulatory signals for B and T cells, it is important for induction of cytotoxic CD8^+^ T lymphocytes and also ensures long-term survival of DC \[[@pone.0171539.ref035], [@pone.0171539.ref036], [@pone.0171539.ref033]\]. In keeping with our data, it has been previously reported that human DC matured with poly(I:C) retained their capacity to produce IL-12p70 after additional CD40L stimulation \[[@pone.0171539.ref037]\]. Moreover CD40L ligation enhances DC cross-presentation \[[@pone.0171539.ref038]\]. Our data therefore suggest that DC-based HHP lung cancer vaccine might gain further stimulatory activity *in vivo* after administration into NSCLC patients.

Most importantly, we observed that DC-based HHP lung cancer vaccine stimulates proliferation and IFN-γ production in CD8^+^ and CD4^+^ T cells and lowers the numbers of CD4^+^CD25^+^Foxp3^+^ T regulatory cells *in vitro*. The T cell stimulatory capacity of DC-based HHP lung cancer vaccine generated from healthy donors was, however, comparable to that of DC stimulated with poly(I:C) alone which indicates that T cells which were not specific to TAA derived from HHP-killed lung cancer cells were induced. As the detection of TAA-specific T cells, specifically by single epitope tetramers, is technically challenging due to their low frequency in blood (10^−7^) \[[@pone.0171539.ref039], [@pone.0171539.ref040]\], we generated an artificial antigenic system based on an immunodominant CD8^+^ T cell epitope from influenza MP1 protein. The frequency of influenza-specific CD8^+^ T cells can range between 10^−2^ to10^-4^ \[[@pone.0171539.ref041]\]. By using MP1-expressing A549 cells we were able to prove in HLA-A\*201^+^ healthy donors that protein antigen derived from HHP-killed lung cancer cells is indeed processed and presented by DC to autologous CD8^+^ T cells. Moreover, using DC-based HHP lung cancer vaccine generated from NSCLC patients we observed an increase in proliferation and IFN-γ production in CD8^+^ and CD4^+^ T cells over the T cells stimulated with patient's DC-treated with poly(I:C) only. This indicates that TAA-specific T cells were stimulated. We have confirmed here the presence of tumor antigen-specific T cells in the blood of NSCLC patients against selected antigens commonly found in lung cancer \[[@pone.0171539.ref027], [@pone.0171539.ref029], [@pone.0171539.ref028]\]. We showed that these antigens are also expressed in lung cancer cell lines H520 and H522 used in this study to generate DC-based HHP lung cancer vaccine. Several clinical trials with peptide or protein vaccine targeted against these antigens have shown the induction of antigen specific T cells and also a clinical benefit in NSCLC patients \[[@pone.0171539.ref042]--[@pone.0171539.ref044]\]. This is supportive of DC-based HHP lung cancer vaccine effectivity in NSCLC patients. The role of CD8^+^ T cells in anticancer immunity is well established, however, it is currently not clear if CD4^+^ T cells induced by DC-based HHP lung cancer vaccine can contribute to or mediate significant anti-tumor effect \[[@pone.0171539.ref045]\]. As we observed a high proliferation of CD4^+^ T cells induced by DC-based lung cancer vaccine, it is tempting to speculate that CD4^+^ T cells might play an important role in shaping anti-cancer responses after DC-based HHP lung cancer immunotherapy in NSCLC patients. DC-based HHP cancer vaccine alone or in combination with chemotherapy was shown to significantly inhibited growth of tumors in mouse models \[[@pone.0171539.ref025]\], however the differential contribution of CD8^+^ or CD4^+^T cells was not analyzed.

In conclusion we showed that DC-based HHP lung cancer vaccine generated in GMP compliant serum free medium is immunologically active and displays functional plasticity towards immunostimulatory Th1 polarizing phenotype *in vitro*. These results represent important preclinical data for the ongoing Phase I/II clinical trial combining DC-based active immunotherapy (DCVAC/LuCa) with chemotherapy and immune enhancers (NCT02470468).

Supporting information {#sec021}
======================

###### The induction of cell death and the exposure of immunogenic molecules (HSP70, HSP90 and calreticulin) by HHP in H520 and H522.

\(A\) 1×10^6^ cells/ml of H520 a H522 were treated with HHP 250 MPa for 10 min, incubated at 37°C for 2h and subsequently frozen at -80°C for 24h. Cell viability of non-treated cells, HHP-killed cells before freezing \[2h\] and after thawing \[2h+24h\] was determined with Annexin-PE and DAPI staining using flow cytometry. Dotplots show one representative experiment. Graph shows means ± SEM of n = 5 in duplicates. (B) Exposure of HSP70, HSP90 and calreticulin was determined by flow cytometry. Graphs represent means ± SEM of n = 3 in duplicates.

(TIF)

###### 

Click here for additional data file.
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